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Abstract
Dibenzyl trisulphide (DTS), a main lipophilic compound in Petiveria alliacea L. (Phytolaccaceae), was identified as one of
the active immunomodulatory compounds in extracts of the plant. To learn more about its biological activities and molecular
mechanisms, we conducted one-dimensional NMR interaction studies with bovine serum albumin (BSA) and tested DTS and
related compounds in two well-established neuronal cell-and-tissue culture systems. We found that DTS preferentially binds
to an aromatic region of BSA which is rich in tyrosyl residues. In SH-SY5Y neuroblastoma cells, DTS attenuates the
dephosphorylation of tyrosyl residues of MAP kinase (erk1/erk2). In the same neuroblastoma cell line and in Wistar 38
human lung fibroblasts, DTS causes a reversible disassembly of microtubules, but it did not affect actin dynamics. Probably
due to the disruption of the microtubule dynamics, DTS also inhibits neuroblastoma cell proliferation and neurite outgrowth
from spinal cord explants. Related dibenzyl compounds with none, one, or two sulphur atoms were found to be significantly
less effective. These data confirmed that the natural compound DTS has a diverse spectrum of biological properties,
including cytostatic and neurotoxic actions in addition to immunomodulatory activities. ß 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction
Petiveria alliacea L. (Phytolaccaceae) is a subtrop-
ical shrub grown in the Caribbean, Latin America
and West African regions. The plant is used for
treating £u, dysmenorrhoea, in£ammation and bac-
terial infection [1]. Studies conducted in order to val-
idate the immunomodulatory folk medicinal usage of
the plant revealed that the plant compounds do in
fact modulate the immune system [2^4]. The main
immunomodulatory and antibacterial compounds in
P. alliacea are lipophilic (non-polar), and dibenzyl
trisulphide (DTS) was found to be one of the active
immunomodulatory compounds present in the plant
extracts [3,5,6]. Long term usage of the plant as an
abortifacient may cause neurotoxicity (brain dam-
age) [5].
Since the immunomodulatory activity of DTS [3]
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could be of medical signi¢cance, it is important to
learn more about the molecular and cellular mecha-
nisms of action of the drug and its potential neuro-
toxic e¡ects. Therefore, we investigated the binding
of DTS to bovine serum albumin (BSA) to ¢nd out
with which of the known amino acid sequences the
molecule preferentially interacts. With respect to its
biological activity, we tested DTS and related com-
pounds in two well-established neuronal cell and tis-
sue culture systems [7,8]. We found that DTS pref-
erentially binds to an aromatic region of BSA, which
is rich in tyrosyl residues. In neuroblastoma cells,
DTS attenuates the tyrosine dephosphorylation of
MAP kinase (erk1/erk2). Furthermore, in neuroblas-
toma cells and human lung ¢broblasts, DTS was
found to cause a reversible disassembly of microtu-
bules and to inhibit neurite outgrowth from spinal
cord explants as well as neuroblastoma cell prolifer-
ation.
2. Material and methods
2.1. Materials
DTS, dibenzyl disulphide (DDS), dibenzyl sul-
phide (DMS), dibenzyl sulphoxide (DMSxO), and
dibenzyl (DD) were obtained as synthetic com-
pounds with percentage purities of 99% from Aldrich
(Fig. 1). The human lung cell line Wistar 38 and the
neuroblastoma cell line SH-SY5Ywt (wild type) were
provided by Dr. K. Bayreuther, Stuttgart. Dulbec-
co’s minimal essential medium DMEM/Ham’s F12
with stabilized L-glutamine, heat-inactivated fetal
calf serum (FCS), penicillin, tetracycline, and strep-
tomycin were obtained from Biochrom (Berlin).
Aprotinin was purchased from Roth (Karlsruhe).
Leupeptin, tetracycline, monoclonal anti-L-tubulin
mouse IgG (Tub. 2.1), anti-mouse IgG HRP, phal-
loidin-TRITC, Tween 20, BSA (fraction V of 96%
purity), and sodium dodecyl sulphate (SDS) (99%
purity) were purchased from Sigma (Deisenhofen).
2-Mercaptoethanol (99% purity) was from Merck
(Darmstadt). Anti-mouse IgG Cy3 was from Diano-
va (Hamburg). The mouse antibody NM2 directed at
growth associated protein 43 (GAP-43) was obtained
from Innogenetics (Ghent). The neurone-speci¢c
mouse antibody Q 211 directed at polysialoganglio-
sides was used as hybridoma supernatant [9]. The
monoclonal antibodies PY99 directed at tyrosine
phosphate and B30309 speci¢cally directed at tyro-
sine phosphate epitopes of MAP kinase (erk1/erk2)
were obtained from Calbiochem (B. Soden).
2.2. Spinal cord explant cultures
Explants were dissected from spinal cord prepara-
tions of E8 chicken embryos and embedded in a
matrix of human ¢brin as described previously [8].
The explants were cultured in serum-free medium
containing the indicated amounts of DTS or related
compounds (see below) for 5 days. The explants were
then ¢xed and immunostained with monoclonal anti-
body (mAb) Q211. The neurite outgrowth was deter-
mined by computer-based densitometric scanning as
described previously [8].
2.3. Cell culture
Wistar 38 ¢broblasts and SH-SY5Ywt neuroblasto-
ma cells were cultured either in plastic £asks, plastic
dishes, or in dishes equipped with a glass bottom in
DMEM/Ham’s F12 containing 10% FCS, 10 Wg/ml
tetracycline, 100 units/ml penicillin, and 100 Wg/ml
streptomycin. Before stimulation with bFGF, the
cells were kept in serum-free medium for at least
4 h. DTS and the related compounds DD, DDS,
DMS, and DMSxO (Fig. 1) were dissolved in etha-
nol. The total amounts of ethanol added to the cells
and explanted cultures never exceeded 2 Wl/ml culture
medium.
2.4. Immunostaining of cells
Subcon£uent cell cultures of the human lung ¢bro-
blasts (Wistar 38) or the neuroblastoma cells (SH-
SY5Y) which had been treated with DTS were ¢xed
with 3.8% paraformaldehyde (PFA) in 0.1 M phos-
phate bu¡er (PB), pH 7.4, for 10 min and subse-
quently in 380‡C methanol for 4 min. After washing
in PB, the cells were incubated with mAb Tub 2.1 (in
2% BSA/PB) for 2 h, washed again and stained with
anti-mouse IgG Cy3 (in 2% BSA/PB) for 30 min. The
immunostained cells were washed with PB, some-
times counterstained with DAPI, and mounted in
Mowiol (100 mM Tris^HCl, pH 8.0, 50% glycerol/
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DABCO (1.4-diazabicyclo[2.2.2]octane). Photos were
made using a Zeiss Axiovert 35 microscope equipped
with phase contrast, epi£uorescence, and camera.
2.5. Staining of F-actin
Cells were ¢xed with 3.8% PFA/PB for 10 min and
permeabilized with 0.02% Triton X-100 for 5 min,
washed with PB and stained by means of phalloi-
din-TRITC (0.1 Wg/ml PB) for 20 min. The cultures
were then washed with PB and mounted in Mowiol/
DAPCO.
2.6. SDS^PAGE and Western blotting
2.6.1. GAP-43 and L-tubulin
For the detection of L-tubulin and GAP-43, the
cells were once washed with ice-cold cell bu¡er (140
mM NaCl, 26 mM KCl, 14 mM KH2PO4, 10 mM
Na2HPO4, 10 mM glucose), scraped o¡ and lysed in
a mixture of 100 Wl RIPA bu¡er (10 mM Tris^HCl,
pH 8.0, 150 mM NaCl, 1% deoxycholic acid (w/v),
0.1% SDS (w/v), 4 mM EDTA, 1 mM Na3VO4, 20
Wg/ml aprotinin, 20 Wg/ml leupeptin), and 25 Wl
5Usample bu¡er (350 mM Tris^HCl, pH 6.8, 10%
SDS, 50% glycerol, 5% L-mercaptoethanol, 0.008%
bromophenol blue), followed by sonication (3U5
s), boiling for 3 min and centrifugation. Aliquots
corresponding to 20 Wg protein per lane were sepa-
rated by 10% SDS^PAGE, followed by transfer to
nitrocellulose ¢lters. Filters were blocked with 5%
non-fat dry milk in 10 mM Tris^HCl, 100 mM
NaCl, pH 7.6, containing 0.1% Tween 20 overnight
and incubated with the ¢rst antibody (AT 270, NM2,
0.01^01 Wg/ml), washed in the same bu¡er, followed
by incubation with anti-mouse IgG HRP antibody
diluted 1/1000 (v/v) in the above mentioned bu¡er.
After the ¢nal wash, the immunoreactivity was de-
tected by an enhanced chemiluminescence (ECL) sys-
tem (Amersham, Braunschweig).
2.6.2. Tyrosine phosphorylation
To image the tyrosine phosphorylation pattern,
and phosphorylated MAP kinase (erk1/erk2), the
cell cultures were washed once with ice-cold cell bu¡-
er, scraped o¡ and lysed in 100 Wl Brij bu¡er (1%
(v/v) Brij 96, 150 mM NaCl, 20 mM Na4P2O7,
10 mM Tris^HCl (pH 7.5), 10 mM NaF, 1 mM
EDTA, 1 mM EGTA, 1 mM sodium orthovanadate,
1 mM PMSF, 10 Wg/ml leupeptin, 10 Wg/ml aproti-
nin), sonicated, mixed with 5-fold sample bu¡er,
boiled, and centrifuged as mentioned above. SDS^
PAGE, Western blotting, and ECL were performed
as described above, except that the nitrocellulose ¢l-
ters were ¢rst blocked in 6% BSA/TBST (10% TBS,
0.1% Tween 20), before incubation with antibody
PY99 (1:400 v/v), or mAb B30309 (1:1000 v/v),
washed, and blocked with 5% non-fat dry milk bu¡er
before incubation with anti-mouse IgG HRP.
2.7. Proliferation/viability assay
To determine the proliferative activity and viabil-
ity, SH-SY5Y neuroblastoma cells were seeded on
24-well plates (20 000 cells/well) and cultured in
FCS-containing medium (see above) for 1 day.
Thereafter, the cells were cultured in the presence
or absence of 100 ng/ml bFGF and supplemented
with DTS (¢nal concentrations 0, 0.1, 0.2, 0.4, 0.8,
and 1.2 WM). The total DNA contents of the wells
were determined after 1, 3, and 6 days of culture by
means of the £uorimetric CyQuant Cell Proliferation
Assay (Molecular Probes, Eugene, OR) following the
instructions of the manufacturer and given as prolif-
eration index (Ex480/Em520). In addition, comparable
experiments were performed by means of a densito-
metric assay based on mitochondrial activity
(Chemicon) according to the protocol of the manu-
facturer.
2.8. One-dimensional (1D) NMR interaction studies
A stock solution of 25 mg/ml of BSA was prepared
in Tris-bu¡ered saline (0.05 M Tris, 0.138 M NaCl,
0.027 M KCl, 0.05% Tween 20, adjusted to pH 6.8
using glacial acetic acid), along with two concentra-
tions of DTS (2.5% and 0.25%, w/v) in methanol.
From the stock BSA solution, two 5.0 ml aliquots
were measured and 500 Wl of the DTS solution then
added dropwise to each of the BSA mixture with
constant stirring to produce 0.5 mg/ml and 0.25
mg/ml (2.8 and 1.4 mM) of DTS in the BSA prepa-
rations, respectively. The BSA+DTS mixtures were
then diluted by a factor of 1/10 (v/v) with a solution
of Tris-phosphate bu¡er saline pH 6.8-deuterium ox-
ide (D2O) (9:1, v/v). The DTS-BSA bu¡er saline-
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D2O mixtures were then analysed for interaction us-
ing a Varian Unity Inova 300 MHz instrument.
To a solution of 25 mg/ml BSA (5.0 ml) in Tris
bu¡er saline pH 6.8, 500 Wl of 2-mercaptoethanol
were added prior to the addition of DTS and sub-
sequently 1/10 diluted with Tris-phosphate bu¡er sa-
line-D2O (9:1, v/v) mixture for 1D proton NMR
analyses as mentioned above.
The controls used for comparative analyses con-
sisted of 25 mg/ml BSA and 4.8 mM DTS in Tris
bu¡er saline-D2O (9:1, v/v) mixture, with 500 Wl
methanol for NMR analyses.
2.9. Reaction of DTS with 2-mercaptoethanol
DTS (200 mg) was dissolved in 8.0 ml methanol
and 0.5 ml of 2-mercaptoethanol was added, the mix-
ture was then monitored by thin layer chromatogra-
phy (TCL) using a solvent system of ethyl acetate-
petroleum ether (30^50‡C) (1:5, v/v).
3. Results
3.1. E¡ect of DTS and related compounds on neurite
outgrowth
In the ¢rst series of experiments, we used a chicken
spinal cord tissue culture system, which had been
shown to be particularly suitable to investigate
dose-dependent e¡ects of external factors on neurite
outgrowth in vitro [8]. Explants from E8 chicken
embryos were cultured in serum-free medium in the
presence of DTS (0.1, 0.5, 1 WM), DDS (1 WM),
DMS (1 WM), DMSxO (1 WM), or DD (1 WM) for
5 days and the neurite outgrowth intensities deter-
mined as described. Fig. 2 exemplarily demonstrates
single explants of the di¡erent series. The quantita-
tive data are given as % age neurite outgrowth rela-
tive to the control (Fig. 3). DTS was found to inhibit
neurite outgrowth in a dose-dependent manner lead-
ing to about 70% inhibition at 1 WM. This inhibition
by DTS was signi¢cantly (P6 0.001) attenuated if
the DTS was pretreated with 2-mercaptoethanol for
20 min, and the mixture then added to the explant
cultures (Fig. 2d,h and 3). 2-Mercaptoethanol itself
had no e¡ect on neurite outgrowth (not shown).
Compared at 1 WM concentration each, DMS,
DMSxO, and DDS turned out to be signi¢cantly
(P6 0.001) less inhibitory than DTS (Fig. 2d^g and
3): DMSxO led only to about 10% inhibition of
neurite outgrowth as compared to 70% caused by
DTS (Fig. 3). DD was found to be ine¡ective (not
shown).
3.2. E¡ects of DTS on neuroblastoma cell
proliferation and viability
SH-SY5Y neuroblastoma cells were seeded on 24-
well plastic dishes (20 000 cells per well). After 1 day
of culture, the cells were supplemented with bFGF
and DTS as described in Section 2. One, 3, and
6 days after seeding, the samples were frozen and
stored at 380‡C until £uorimetric DNA determina-
tion (see Section 2). In the absence of bFGF, treat-
ment with 0.1^0.2 WM DTS resulted in an inhibition
of cell proliferation (Fig. 4). After 3 days of culture
(2 days of DTS treatment), the proliferation index
(determined as total DNA) was at 0.1 and 0.2 WM
DTS above the level of the untreated control mea-
sured 1 day after plating ( = control, 1d). At all high-
er DTS concentrations, the proliferation index was
lower than that of the 1 day control. This was also
found after 6 days (5 days of DTS treatment), indi-
cating a time-dependent cytotoxic e¡ect of DTS at
Fig. 1. Dibenzyl trisulphide and related compounds. DTS, di-
benzyl trisulphide; DDS, dibenzyl disulphide; DMSxO, diben-
zyl sulphoxide; DMS, dibenzyl sulphide; DD, dibenzyl.
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concentrations higher than 0.2 WM (compare also the
insert in Fig. 4).
A comparable dose-dependent inhibition of cell
proliferation by DTS was obtained if the same ex-
periment was performed in the presence of 100 ng/ml
bFGF (Fig. 5). However, the cytotoxic e¡ect of DTS
was obviously much less pronounced in bFGF-
stimulated cells and only observed in cultures which
had been treated with 0.8 and 1.2 WM DTS for 5 days
(compare also the insert in Fig. 5).
The above results were supported by additional
experiments, in which instead of total DNA the mi-
tochondrial activity was determined densitometri-
cally. Again, the proliferation activity turned out to
Fig. 2. E¡ect of DTS and related compounds (compare Fig. 1) on neurite outgrowth from embryonic (E8) chicken spinal cord ex-
plants grown for 5 days in the presence of 100 ng/ml IGF-I in a ¢brin tissue culture matrix (see Section 2); (a) Control; (b) 0.01 WM
DTS; (c) 0.1 WM DTS; (d) 1 WM DTS; (e) 1 WM DMS; (f) 1 WM DMSxO; (g) 1 WM DDS; (h) 1 WM DTS preincubated in mercap-
toethanol.
BBAMCR 14782 9-8-01
H. Ro«sner et al. / Biochimica et Biophysica Acta 1540 (2001) 166^177170
be inhibited at 0.1^0.2 WM DTS without a¡ecting
viability. Higher concentrations of DTS, however,
led to increasing cell loss and/or damage (decrease
of total mitochondrial activity below the initial level),
which was again attenuated in the presence of bFGF
(data not shown).
3.3. E¡ects of DTS on the tubulin and actin
cytoskeleton and GAP-43
3.3.1. Tubulin
In order to obtain information about the molecu-
lar mechanism(s) of the DTS e¡ects, SH-SY5Y cells
and human lung ¢broblasts (Wistar 38) were cul-
tured in the presence of 1 WM DTS in FCS-contain-
ing medium for 1 day, ¢xed and immunostained with
an anti-L-tubulin antibody. Fig. 6 demonstrates that
in both cell lines, DTS led to a striking disassembly
of microtubules. Tubulin was still present, but was in
most cells stained only weakly in a punctated manner
(Fig. 6b,c,e). If SH-SY5Y neuroblastoma cells were
treated with DTS for 1 day, then thoroughly washed
and cultured in DTS-free medium, microtubules re-
appeared within 24 h (Fig. 6f). This ¢nding demon-
strates that the DTS-induced disassembly of micro-
tubules is completely reversible.
The lower intensity of immunostaining of total
tubulin observed in DTS-treated cells suggested
that also the total expression of tubulin was de-
creased in these cells. This was con¢rmed by Western
Fig. 4. E¡ect of DTS on the proliferation and viability of SH-SY5Y neuroblastoma cells. One day after seeding, the indicated
amounts of DTS were added and the cells cultured in FCS-containing medium for a further 2 and 5 days, respectively. Strong inhibi-
tion of proliferation occurred at 0.1 and 0.2 WM DTS (3 day values) and at 0.1 WM DTS (6 day values). A dose-dependent cell loss
and/or damage at DTS concentrations higher than 0.2 mM is indicated by the corresponding 6 day values, which are all below that
of the untreated control determined after 1 day of culture (means þ S.D. of 4^5 independent experiments) (compare also the insert
data given as percent of control).
Fig. 3. E¡ects of DTS and related compounds (compare Fig. 1)
on neurite outgrowth from chicken spinal cord explants (see
Fig. 3) determined according to Ro«sner and Vacun [8] as % of
control ; mean þ S.D. of 4^6 explants per group.
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blot analysis: lanes 2 and 3 in Fig. 8a show a de-
creased expression of tubulin obvious 1 and 2 days,
respectively, after addition of DTS. Again, this de-
crease was reversible. Upon removal of the DTS and
re-culturing of the cells in DTS-free medium, the
total expression of tubulin increased up to the nor-
mal (control) level and sometimes even to higher
levels within a few days (Fig. 8a, lanes 4^6).
3.3.2. GAP-43
In the next series of experiments we wanted to
know whether in addition to tubulin the expression
and dynamics of other functional proteins of SH-
SY5Y cells were a¡ected by DTS. For this purpose,
GAP-43 (B-50) was chosen, since its expression can
be easily enhanced by stimulation of the cells with
bFGF. Fig. 8b shows that neither the basis expres-
sion (lanes 1, 3) nor the bFGF-enhanced expression
of GAP-43 (lanes 2, 4) were a¡ected by treatment of
the cells with 1 WM DTS in serum-free medium for
1 day.
3.3.3. Actin
In order to investigate a potential e¡ect of DTS on
the actin cytoskeleton, again SH-SY5Y neuroblasto-
ma cells are particularly suitable. In previous studies,
we found that in these cells the activation of protein
kinase C by cholinergic agonists or phorbol esters
results in a rapid redistribution of actin which poly-
merizes at the ‘leading edges’ of extending lamellar
protrusions [7]. In the present study, SH-SY5Y
cells were cultured in the presence of 1 WM DTS
for 1 day and then cholinergically stimulated. After
6 min, the cells as well as the unstimulated
DTS-treated cell cultures and DTS-free controls
were ¢xed and the F-actin stained with phalloidin-
TRITC. Fig. 7 shows that in unstimulated cell cul-
tures there were no obvious di¡erences in the inten-
sity and cellular distribution of F-actin between
DTS-treated cells (Fig. 7b) and controls (Fig. 7a).
In both, actin ‘stress ¢bres’, which are particularly
abundant in all £at shaped cells, appeared not to be
a¡ected. Likewise, the cholinergically induced redis-
tribution of actin to the ‘leading edges’ of lamellar
protrusions was not markedly a¡ected by DTS (Fig.
7c,d), except that the proportion of cells forming
lamellipodia was lower in DTS-treated cultures
(Fig. 9D).
The above data indicate that in SH-SY5Y neuro-
blastoma cells DTS causes a reversible disassembly
of microtubules and a decrease in the total tubulin
content. In contrast, neither the actin cytoskeleton
Fig. 5. E¡ect of DTS on the proliferation and viability of bFGF-stimulated SH-SY5Y neuroblastoma cells. One day after seeding,
100 ng/ml of bFGF were added and 15 min later the cultures supplemented with the indicated amounts of DTS. A dose-dependent in-
hibition of proliferation is shown by the values determined after 3 days and up to 0.4 WM DTS after 6 days. The values obtained for
0.8 and 1.2 WM DTS at 6 days are below that of the control determined after 1 day of culture and, thus, indicate cell loss and/or
damage (means þ S.D. of 4^5 independent experiments) (compare also the insert data given as percent of control).
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nor the basic and bFGF-enhanced expression of
GAP-43 seems to be a¡ected.
3.4. E¡ect of DTS on basic and bFGF-stimulated
tyrosine phosphorylation
Since tyrosination and detyrosination of microtu-
bules have long been assumed to be crucially in-
volved in regulating the stability and dynamics of
microtubules [10^12], it is reasonable that tyrosine-
dependent cellular events are preferentially a¡ected
by DTS. Support for this assumption was also pro-
vided by our DTS/BSA interaction studies (see Sec-
tion 3.5) revealing the binding of DTS to an aro-
matic region of BSA, which is enriched in tyrosyl
residues. In order to get more information on this
Fig. 6. Reversible disassembly of microtubules in Wistar 38 human lung ¢broblasts (a^c) and SH-SY5Y neuroblastoma cells (d^f) cul-
tured in the presence of 1 WM DTS for 1 day. (a,d) Controls; (b,c,e) DTS-treated cells ; (f) reappearance of microtubules in a SH-
SY5Y cell 1 day after removing DTS.
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issue, we investigated whether basic and bFGF-in-
duced tyrosine phosphorylations were a¡ected by
DTS.
SH-SY5Y neuroblastoma cells were treated in se-
rum-free medium with 2 WM DTS or 100 ng/ml
bFGF, or pretreated with DTS for 15 min or 2 h
and then stimulated with bFGF in the presence of
DTS. After 5, 30, and 90 min of stimulation, tyrosine
phosphorylation was monitored by Western blotting
by means of the mAb PY99 recognizing tyrosine
phosphate epitopes and mAb B30309 speci¢cally di-
rected at tyrosine phosphate epitopes of MAP kinase
(erk1 and erk2). Stimulation of cells with bFGF
within 5 min led to an increase of the tyrosine phos-
phorylation of three protein bands migrating roughly
at 70 and 42 kDa (Fig. 8c, lane 2). The two bands
around 42 kDa probably represent the MAP kinases
erk1 and erk2. A similar change in tyrosine phos-
phorylation was obtained if the cells were pretreated
with 2 WM DTS for 15 min and then stimulated by
the addition of bFGF (Fig. 8c, lane 3). Cells treated
with DTS only, at 5 min showed no obvious e¡ect on
the tyrosine phosphorylation pattern (Fig. 8c, lane
4).
Comparable results were obtained using the anti-
body B30309 speci¢cally directed at tyrosine phos-
phate epitopes of MAP kinase. DTS itself did not
a¡ect the basic level of the tyrosine phosphorylation
of erk1 and erk2 (Fig. 8d, lanes 1, 2). Pretreatment of
the cells with DTS for up to 2 h, however, led to a
slight enhancement of the erk1/erk2 phosphorylation
occurring within 5 min of bFGF stimulation (Fig.
8d, lanes 3, 4). Furthermore, these experiments re-
vealed that the time pro¢le of bFGF-induced tyro-
sine phosphorylation of SH-SY5Y cells normally de-
creases between 10 and 90 min (Fig. 8e, lanes 2^4,
and f). In DTS-treated cells, this decrease was strik-
ingly attenuated (Fig. 8e, lanes 5^7, and f). Thus, the
degree of erk1/erk2 tyrosine phosphorylation found
at 30 and 90 min after addition of bFGF was 5-fold
Fig. 7. No e¡ect of DTS on the expression and redistribution of F-actin in SH-SY5Y neuroblastoma cells. Cells were cultured in the
presence of 1 WM DTS for 1 day, cholinergically stimulated to form lamellar protrusions for 6 min, ¢xed, and F-actin stained with
phalloidin-TRITC (see Section 2). No e¡ect of DTS either on F-actin stress ¢bres (a,b) or on the polymerization of F-actin at the
‘leading edges’ of cholinergically induced lamellar protrusions (c,d) (for details see text).
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and 4-fold higher, respectively, in the DTS-treated
cells when compared to the controls (Fig. 8).
These data suggest that DTS a¡ects growth factor-
induced MAP kinase signalling by an inhibition of
the dephosphorylation of tyrosyl residues of erk1
and erk2.
3.5. 1D NMR DTS/BSA interaction
To investigate if DTS has a speci¢c a⁄nity to se-
lected amino acid residues of proteins, 1D NMR
DTS/BSA interaction studies were performed as de-
scribed in Section 2. Comparative analyses of the 1D
NMR interaction spectra of DTS and BSA revealed
two new signi¢cant interacting signals, the ¢rst at 3.4
ppm (sharp singlet, one asterisk) in the aliphatic re-
gion and the second at 6.6^6.8 ppm (broad singlet,
two asterisks) on aromatic residues of BSA (Fig. 9A^
C). The magnitude of the aromatic signal was greater
than its aliphatic counterpart. These two signals were
signi¢cantly reduced or lost when DTS was pre-
treated with 2-mercaptoethanol before NMR analy-
ses (not shown). The signal at 6.7 ppm in the form of
a sharp singlet associated with 2.8 mM DTS in Tris
bu¡er saline-D2O mixture only (Fig. 9D), was signif-
icantly smaller as compared to the interactive signal
at 6.6^6.8 ppm in the BSA-DTS spectrum (Fig. 9A),
and had to be highly enlarged to be noticeable.
3.6. Reaction of DTS with 2-mercaptoethanol
To investigate if DTS was spontaneously trans-
formed by 2-mercaptoethanol both molecules were
allowed to react at 28‡C in methanol. Analyses of
the reaction mixture followed by TLC separation
revealed that DTS was transformed: one of the prod-
ucts was methyl benzyl sulphonic anhydride with a
molecular weight of 250 (C8H10O5S2). The sulphur
mass spectrum con¢rmed an isotopic pattern of two
sulphur atoms. The 1H NMR resonances (ppm)
found were: 1.3 (3H, s, CH3-S), 3.6 (2H, CH2-)
and 7.4 (4H, m, Ar), along with the following 13C
data (ppm): C1 and 4 (128.9), C2 and 5 (129.8), C3
(127.8), C6 (137.8), C7 (43.6) and C8 (30.0).
4. Discussion
In the present paper, we found that in cell culture
DTS causes a disassembly of microtubules and a
decrease of the total expression of tubulin. These
e¡ects were obvious after 1^2 days of treatment
with 0.1 WM and higher concentrations of DTS and
completely reversed upon medium change (Fig. 6).
Under the same conditions, the actin dynamics as
Fig. 8. E¡ects of 1 WM DTS on the expression of tubulin (a),
GAP-43 (b), and bFGF (100 ng/ml)-induced tyrosine phosphor-
ylation (c^f) in SH-SY5Y neuroblastoma cells. (a) Lanes: 1,
control ; 2, DTS, 2 days; 3, DTS, 4 days; 4, DTS, 4 days, then
without DTS, 2 days; 5, DTS, 4 days, then without DTS,
4 days; 6, DTS, 4 days, then without DTS, 7 days; 7, control
without DTS, 7 days. (b) Lanes: 1, control; 2, bFGF, 4 days;
3, DTS, 4 days; 4, bFGF plus DTS, 4 days. (c) Pattern of tyro-
sine phosphorylation detected with mAb PY99 (see Section 2).
Lanes: 1, control; 2, bFGF, 5 min; 3, DTS, 15 min, then
bFGF, 5 min; 4, DTS, 5 min. (d) Tyrosine phosphorylation of
MAP kinase (erk1/erk2). Lanes: 1, control; 2, DTS, 5 min; 3,
bFGF, 5 min; 4, DTS, 2 h, then bFGF, 5 min. (e) Tyrosine
phosphorylation of MAP kinase (erk1/erk2). Lanes: 1, control;
2, bFGF, 5 min; 3, bFGF, 30 min; 4, bFGF, 90 min; 5, DTS,
2 h, then bFGF, 5 min; 6, DTS, 2 h, then bFGF, 30 min; 7,
DTS, 2 h, then bFGF, 90 min. (f) Percentages of the signals of
bands 1 and 3^7 (e) as compared to band 2 (bFGF, 5 min
= 100%). Lane 8, DTS, 2 h.
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well as bFGF-stimulated enhancement of GAP-43
expression were not a¡ected.
Probably as a consequence of the microtubule-dis-
rupting e¡ect, addition of DTS (0.1^1.2 WM) led to a
dose-dependent inhibition of cell proliferation within
2 days of treatment.
This result ¢ts well with the observation that DTS
completely inhibits the cleavage of fertilized star¢sh
(Asterina pectinifera) eggs (Chiba et al., personal
communication).
However, a prolonged treatment of the cells for up
to 5 days with concentrations of DTS higher than 0.1
WM led to cell loss and/or damage. Interestingly, this
cytotoxic e¡ect of DTS was markedly attenuated in
bFGF-stimulated cells.
Searching for the molecular mechanism(s) by
which sublethal treatment with DTS a¡ects the mi-
crotubule integrity, two lines of results suggest that it
may be due to an e¡ect of DTS on tubulin tyrosina-
tion and/or detyrosination, a process that has long
been assumed to be crucially involved in microtubule
stabilization and turnover [10^12]. Thus, our NMR
DTS/BSA interaction studies revealed two signi¢cant
interaction signals, the ¢rst (sharp singlet) at 3.4 ppm
in the aliphatic region of BSA and the second (broad
singlet) at 6.6^6.8 ppm, in an aromatic region en-
riched in phenylalanine and tyrosine residues [13]
(Fig. 9).
Furthermore, we found in SH-SY5Y neuroblasto-
ma cells that DTS a¡ects the time pro¢le of bFGF-
induced activation of MAP kinase. Thus, in the pres-
ence of 0.5 WM DTS, the decrease in phosphoryla-
tion of erk1/erk2 normally occurring between 10 and
90 min following bFGF stimulation was attenuated.
Interestingly, in the same cell line higher dosages of
DTS turned out to be less cytotoxic if the cells were
stimulated by bFGF.
In the human neuroblastoma cell line SH-SY5Y,
tyrosine dephosphorylation is likely achieved with
either tyrosine phosphatase CD45 [15] or dual-specif-
ic protein phosphatases such as the human CL-100
or PAC-1 [16]. Further investigations will have to
clarify if the activities of these characterized enzymes
are a¡ected by DTS. In any case, from the present
data it can be expected that DTS will interfere with
diverse MAP kinase signalling regulated cellular
events [14,15]. These could include the shown stim-
ulation by DTS of phagocytosis in granulocyte re-
sponse and change in proliferation/di¡erentiation of
thymocytes and lymphocytes in mice [3], processes in
which MAP kinase signalling is crucially involved
[17,18]. The described immunomodulatory properties
of extracts from P. alliacea L. [2,3], the source plant
of DTS, could also be due to an interaction of DTS
with MAP kinase-dependent cellular regulation.
Fig. 9. 1D NMR interaction of BSA with DTS in deuterium
oxide (D2O)-phosphate bu¡er saline pH 6.8 (1:9, v/v). (A) DTS
(2.8 mM) in BSA (25 mg/ml), new signals at 3.4 ppm (*) and
6.6^6.8 ppm (**); (B) BSA (25 mg/ml); (C) carrier solvent
(D2O-phosphate bu¡er saline) (1:9, v/v) with 10% (v/v) metha-
nol ; (D) 1D NMR pro¢le of 2.8 mM DTS in deuterium oxide-
phosphate bu¡er saline (pH 6.8) (1:9, v/v), with 10% (v/v)
methanol.
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4.1. E¡ect of DTS in comparison to related
compounds on neurite outgrowth in tissue culture
By means of a neuronal tissue culture system [7],
we showed a dose-dependent inhibition by DTS of
neurite outgrowth from chicken spinal cord explants.
This e¡ect was comparable to that obtained with
taxol or nocodazole in the same system [7], suggest-
ing that, again, the e¡ect of DTS was mainly due to
a disassembly of microtubules. The e¡ective dosage
of DTS needed, however, was about 100-fold higher
as compared to taxol or nocodazole. In these experi-
ments, the dibenzyl compounds DD, DMSxO,
DMS and DDS with none, one oxidized, one and
two sulphur atoms, respectively, were found to be
strikingly less e¡ective than DTS. These results sug-
gest that the steric presentation of sulphur in the
middle position of the sulphide bridge of DTS is
crucial for its proper interaction with cellular pro-
teins. This interpretation ¢ts well with the ¢nding
that incubation with 2-mercaptoethanol causes a
spontaneous transformation of DTS to new mole-
cules, one of which being methyl-benzyl sulphonic
anhydride, and leads to a signi¢cant reduction in
the intensities of the DTS/BSA interaction signals
at 3.4 ppm and 6.6^6.8 ppm (Fig. 9). However, Mo-
hammadzade et al. [19] have reported a loss of hy-
drophobic binding potentials between BSA and long
chain non-polar molecules (fatty acids) in the pres-
ence of 2-mercaptoethanol, which they attributed
mainly to a reduction in disulphide bonds in the
protein. Thus, the molecular con¢guration and hence
binding capabilities of disulphide bridges (S-S bonds)
containing proteins such as BSA, the BCR and TCR
superfamily of receptors could be linked with the
chemical integrity of these S-S bonds. Therefore,
any alteration in the con¢guration of these proteins
via the reduction of the disulphide bridges with re-
ducing agents such as 2-mercaptoethanol may a¡ect
the binding of molecules to these proteins/receptors,
and could represent the second source for the loss in
the binding potential of DTS with the BSA.
In conclusion, DTS, a known natural product, has
interesting biological activities, a¡ecting, in addition
to immunomodulation [3], microtubule-dependent
cellular events and tyrosine phosphorylation-medi-
ated MAP kinase signalling. Thus, its possible ther-
apeutic potential is worthy of evaluation.
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